on behalf of the PAEDS-ACE Investigators abstract OBJECTIVE: We aimed to describe the clinical features and outcome of human parechovirus (HPeV) encephalitis cases identified by the Australian Childhood Encephalitis (ACE) study.
Human parechoviruses (HPeV) are an increasingly recognized cause of meningo-encephalitis in children. [1] [2] [3] [4] [5] [6] [7] [8] HPeV genotype 3 (HPeV3) is thought to be particularly neurotropic, being frequently identified from the cerebrospinal fluid (CSF) of infants with sepsislike presentations. 2, [8] [9] [10] [11] [12] [13] [14] HPeV3 central nervous system (CNS) infection is associated with young age (<3 months) and absence of CSF pleocytosis. 2, 4, 6, 9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Most reports of HPeV infection of the CNS have been retrospective series identified through sampling of archived laboratory specimens, without application of clinical case definitions for encephalitis. 2, 5, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] As a result, the syndrome of CNS infection with HPeV is inadequately characterized. Further definition of HPeV CNS syndromes are needed because although many infants have benign outcome after CNS infection, 4, 8, 13, 16 there have been isolated reports of adverse neurodevelopmental outcomes with HPeV3 in the context of abnormal neuroimaging. 3, 26, 27 Encephalitis is the most severe manifestation of HPeV CNS infection and rigorous case definitions for encephalitis have been published in the past 10 years in studies from California, 28 the United Kingdom, 29 and France, 30 as well as consensus definitions from the Brighton Collaboration 31 and the International Encephalitis Consortium. 32 The Australian Childhood Encephalitis (ACE) study is an ongoing prospective study of childhood encephalitis that uses these case definitions.
Herein, we report children who presented with suspected encephalitis who had laboratoryconfirmed HPeV infection. We describe the key clinical features of this disease and its outcome at discharge and 12 months follow-up to better define severe CNS HPeV infection.
METHODS
Children (≤14 years of age) hospitalized with "suspected encephalitis" were prospectively identified and recruited to the ACE study at 5 Australian tertiary pediatric hospitals in the Australian Pediatric Active Enhanced Disease Surveillance network (PAEDS 33 history, and details of treatment and outcome at discharge were collected. The ACE study is observational and the investigation and management of cases is determined by treating physicians. We confirmed cases to be HPeV-related following review by a cross-disciplinary expert panel (pediatric infectious diseases, microbiology, neurology, and epidemiology) who also categorized cases as confirmed encephalitis or "not encephalitis" by using the International Encephalitis Consortium definition and Brighton criteria. 31, 32 Parechovirus molecular testing was performed by using in-house assays: NSW and Victorian cases at the Victorian Infectious Diseases Reference Laboratory, as previously described 34, 35 ; Queensland cases at Royal Children's Hospital, Brisbane, according to the protocol described by Benschop et al. 36 Suspected encephalitis was defined as encephalopathy (altered level of consciousness, lethargy, or behavior and/or personality change) lasting ≥24 hours with ≥1 of the following: fever, seizures, focal neurologic findings, at least 1 abnormality of CSF (age determined pleocytosis, or elevated protein ≥40 mg/dL), or EEG/neuroimaging findings consistent with encephalitis.
Short-term outcome at discharge was measured by using the Glasgow outcome scale (GOS) assigned by the PAEDS nurses and investigators at each site in consultation with the attending clinicians. 37 Outcome at 12 months after discharge was measured by using the ageappropriate Ages and Stages questionnaire version 3 (ASQ-3; http:// agesandstages. com/ ) sent to the parents, and then reviewed with one of the investigators in a telephone interview. The questionnaire responses were categorized as "significant," "some," or "no" developmental concern identified according to ASQ-defined subscale cutoff scores (quantitative results: significant concern corresponds to the ASQ cutoff set at <2 SD below the population mean; some concern corresponds to the cutoff set at <1 SD and ≥2 SD). Where concern was identified in the overall responses section of the ASQ (qualitative results), the response was categorized as some concern.
Ethics approval for the ACE study including long-term follow-up (with caregiver consent) was obtained from all 5 study sites. Data were analyzed descriptively by using Microsoft Excel, 2010 (Microsoft, Redmond, WA).
RESULTS
We identified 13 infants with suspected encephalitis and HPeV infection from a total of 133 suspected encephalitis cases from all causes identified through the ACE study between May 2013 and November 2014 (Table 1) . Following expert panel review, 9 of the 13 infants were categorized as encephalitis and 4 as "not encephalitis."
Of the 9 infants fulfilling encephalitis criteria (see Table 1 ), 7 were girls, and 5 were born prematurely (28-35 weeks' gestation). All occurred in infants ages <2 months, with a median age of 13 days (uncorrected; corrected for gestational age at birth, 9 days). Two of the infants (cases 8, 9) were monochorionic twins who were unwell at the same time. In 2 patients (cases 6, 11), an unwell older sibling was identified as a sick contact; a parent was not reported to be concurrently unwell in any case. All infants were outpatients who presented with an acute onset of fever, lethargy, and irritability. Lethargy or decreased arousability was the defining feature of encephalopathy identified in these infants. Additional features of encephalopathy included decreased/ inconsistent response to external stimuli (n = 6; 67%) and disinterest in feeding (n = 5; 56%). A seizure occurred in 8 of the 9 children (89%), associated in 5 with loss of consciousness: a critical feature in confidently categorizing cases. In 3 cases, the initial seizure was not associated with fever. Rash was present in 5 (56%; frequently diffuse erythema or maculopapular involving the trunk). Four of the children had clinical and/or laboratory evidence of multiorgan dysfunction (44%; see Table 1 ). Although HPeV RNA was identified in the CSF of all 9 cases, CSF pleocytosis was lacking in all (see Table 1 ): median CSF white cell count 1 (WCC; range: 0-6 × 10 6 /L), median CSF protein 0.71 (range: 0.39-0.8 g/L). HPeV subtyping was performed in 4 of 8 patients from NSW; all were genotype 3; subtyping was not performed on patients outside NSW.
Neuroimaging included cranial ultrasound in 7 children (2 abnormal; 29%) and MRI in 7 (all abnormal; see Tables 1 and 2 ). The key features on MRI were T2 hyperintensity and corresponding diffusion restriction (n = 7; 100%) involving the periventricular and subcortical white matter (WM) (n = 6; 86%), corpus callosum (n = 3; 43%), and thalami (n = 4; 57%) ( Table 2 ); these findings were most often symmetrical (Fig  1) . In 3 children, magnetic resonance spectroscopy (MRS) was also performed and showed decreased N-acetylaspartate (NAA), increased choline, and a lactate peak in 2 of 3: findings that infer the presence of demyelination, axonal injury, and possible necrosis in affected areas. In the 5 children in whom both tests (ie, cranial ultrasound and MRI) were performed, the cranial ultrasound was normal in 3. EEG was performed on 7 children, and was abnormal in 6 (85%; in 1 infant [case 1] with an EEG reported to be normal, epileptic discharges were shown on continuous EEG monitoring).
Eight (89%) infants required an ICU admission; 5 (56%) received invasive mechanical ventilation, 1 (11%) continuous positive airway pressure support, and 3 (33%) inotrope infusions. The median length of stay in ICU was 6 days (range: 4-13 days): in hospital, 11 days (range: 4-13 days). All of the infants received intravenous antibiotics for between 2 and 8 days; 7 of 9 infants received empirical acyclovir for between 2 and 5 days; 4 of the 9 (cases 1, 2, 6, 9) received corticosteroids. In 2 cases, corticosteroids were given in addition to inotropes for hypotension, were given in another case for possible "inflammatory" encephalitis, and in 1 case the rationale was not given.
Short-term outcome indicated none, or minor neurologic sequelae (GOS 5) for 6 of the 9 (67%) cases, the remaining 3 (33%) having moderate neurologic sequelae (GOS 4). The ASQ-3 was completed in 8 of 9 children at ∼12 months after discharge, when they were aged between 13 and 15 months (see Table 2 ). In 5 (63%) of the 8, "significant" developmental concern was identified. In 2 children (cases 8 and 9; twin girls), a diagnosis of cerebral palsy had been made; in 1 child (case 5), a diagnosis of central visual impairment had been made. In the other 2 children, ASQ scores fell below cutoffs in 1 or more domains (see Table 2 ); notably, in all 5, scores fell below the cutoff in the gross motor subscale. Additionally, in the 2 (25%) children in whom "some" concern was identified, this was in the gross motor subscale. The severity of outcome appeared to correspond with the severity of MRI changes (extent of distribution, presence of necrosis; see Table 2 and Fig 1) .
Of the 4 children infected with HPeV who were not categorized as encephalitis, 2 were definitively categorized as "not encephalitis" (cases 12, 13) because of a lack of clinical features of encephalopathy. Two cases (cases 10 and 11) appeared to have encephalopathy (decreased arousability) but could not be definitively categorized in the absence of neuroimaging and/ or EEG data. These 4 children were slightly older (3/4 >26 days; median age 60.5 days). Their clinical features overlapped with the encephalitis cases (Table 1) , although none had seizures or were born preterm. Short-term outcome indicated none, or minor sequelae (GOS 5) for all nonencephalitis cases. Twelve-month follow-up was completed with 3 of 4 children. In 2 of 3 (67%), no developmental concern was identified. In 1 (case 13), "some" concern was qualitatively identified, with regard to behavior: also quantitatively evident in the personal-social subscale.
DISCUSSION
We have presented a series of 13 consecutive infants with confirmed HPeV infection who were prospectively identified with suspected encephalitis through Distribution: Bilateral cerebral hemispheres, subcortical WM (especially frontal) and periventricular WM; small subarachnoid hemorrhage.
Quantitative: gross motor and problem-solving subscales. "Some concern" on fi ne motor subscale.
MRS: widespread lactate peak. Qualitative: "frustrated easily," diffi cult to settle. Diagnosed with left ocular "squint," mild left-sided weakness. 8 Cranial ultrasound (d7): abnormal Abnormal: multifocal epileptiform discharges.
5; nil/minor sequelae Signifi cant concern:
by guest on September 23, 2017 http://pediatrics.aappublications.org/ Downloaded from the ACE study, including 12-month neurodevelopmental follow-up by using a well-validated screening tool. HPeV accounted for 10% of total suspected encephalitis cases identified over the surveillance period, during which a large outbreak of HPeV3 infection occurred in Eastern Australia. 38 Nine infants had confirmed HPeV encephalitis. Most were girls and born preterm. Key features included generalized seizures, lethargy (decreased arousability), an absence of CSF pleocytosis, and subcortical WM changes on MRI. In addition, all HPeV encephalitis cases required intensive care support, emphasizing the severity of the disease. We have observed a high proportion with neurodevelopmental sequelae at 12 months follow-up. We acknowledge that we cannot draw definitive genotype-specific conclusions because HPeV genotyping was not performed on cases outside NSW. However, we think it is likely that all these cases are HPeV3 associated because they have a similar phenotype, they all occurred within a 6-month period, they are all from the east coast of Australia, and HPeV3 was identified among other specimens in state reference laboratories during the period. 34, 39 Our study confirms features described in a similarly sized, retrospective series reported by Verboon-Maciolek et al, 3, 40 and shows that young age and premature birth are possible risk factors for encephalitis in HPeV infection, that female gender is overrepresented, and that cranial ultrasound is an inadequately sensitive imaging modality in this disease. We also show that, although short-term outcomes may be reassuring, a high proportion of infants experience neurodevelopmental sequelae.
A retrospective report of 118 children hospitalized with HPeV infection from the Eastern Australian outbreak also has been published. 34 In this report, most (75/118) cases had CNS infection confirmed by the presence of HPeV RNA on polymerase chain reaction (PCR); however, infants with mild CNS HPeV infection were not differentiated from those with more serious disease, due to the lack of application of formal clinical definitions of encephalitis. When compared with this retrospective series, our prospectively collected HPeV encephalitis cases were younger (median 13 days compared with median 39 days 34 ) and more likely to be girls (7/9 compared with 53/118 [45%] 34 ). This, and the high proportion of prematurity in our series suggests that young age may be a risk factor for encephalitis from HPeV infection, and that there may be a gender difference in susceptibility. We note that a similar proportion of girls and ex-premature infants were reported, although not highlighted, by Verboon-Maciolek et al. 3 This female predominance among HPeV encephalitis cases is in contrast to a male predominance in studies of HPeV3 with "sepsislike" disease. 11, 14, 16, 20, 23 Other studies of HPeV3 CNS infection include relatively few, if any, cliniciandiagnosed encephalitis cases. 6, 8, 11, 14, 16, 20, 22, 26, 27, 41 Among these cases, young age and female gender were prominent (data not presented).The MRI findings of bilateral symmetrical WM abnormalities with diffusion restriction, where present, should encourage clinicians to consider testing for HPeV in cases of neonatal encephalitis/encephalopathy. Diffusion-weighted imaging (DWI) appears particularly sensitive and characteristic in HPeV encephalitis. Although Verboon-Maciolek et al emphasize the utility of cranial ultrasound in HPeV encephalitis, our series suggests that cranial ultrasound is insensitive, at least early in the disease course. 3 Cranial ultrasound should not be used as a screening or "rule-out" test in suspected encephalitis in neonates. The MRI changes in HPeV encephalitis are, however, not specific. Similar changes have been described in neonatal enterovirus 42, 43 where, interestingly, an absence of CSF pleocytosis often occurs. 16, 40 Furthermore, these imaging findings are reminiscent of perinatal WM injury from other causes that are known to result in periventricular leukomalacia and a high risk of cerebral palsy. 44, 45 The periventricular and subcortical WM is vulnerable in young children, especially premature infants, and similar patterns of cellular damage can be initiated by ischemia, inflammation, or both. 44, 46 A considerable literature now supports the importance of inflammatory mechanisms as a cofactor in perinatal WM injury. 46, 47 Of particular note is the cytokine-mediated direct stimulation of immune cells within the CNS producing cellular activation and tissue damage, in the absence of inflammatory cell migration across the blood brain barrier. 48, 49 Additionally, in vitro studies show that HPeV3 has specific neuronal tropism. 50 This may explain how HPeV3 CNS infection can result in significant tissue damage, in the absence of CSF pleocytosis, and relatively low viral loads seen in CSF. 14, 25 There are few cases of HPEV3 CNS infection with published histopathology to contribute to our understanding. 51, 52 One case did show "inflammatory cell infiltrates in the CNS tissue" 51 ; it is unclear in another. 52 Encephalitis, strictly speaking, is a pathologic entity of brain parenchyma inflammatory cell infiltration and we concur with the hypothesis of Volpe, 49 that this disease may involve pathogenic pathways other than parenchymal lymphocytic infiltration.
At the severe end of the HPeV disease spectrum, it appears that a high proportion of children suffer neurodevelopmental sequelae. In this series, 7 of 8 children showed neurodevelopmental sequelae or concern of abnormal neurodevelopment 12 months after discharge. Among those 7
FIGURE 1
MRI in infants with parechovirus encephalitis. Case 1 shows subtle T2 hyperintensity in the right occipital periventricular WM with corresponding diffusion restriction. Additional diffusion restriction in the splenium of the corpus callosum and the anterior limb of the left internal capsule is seen on DWI/ADC map. Case 2 shows T2 high signal of the periventricular WM (frontal, parietal, and temporal) with corresponding diffusion restriction. Additional diffusion restriction in the genu of the corpus callosum is seen on DWI/ADC map. Case 5 shows extensive T2 high signal of cerebral WM, most pronounced posteriorly and involving the parieto-occipital cortex, and patchy high signal in the bilateral thalami with corresponding diffusion restriction. Case 6 shows symmetrical T2 high signal of periventricular and subcortical WM involving frontal and parieto-occipital cortex, and the dorsolateral thalami with corresponding diffusion restriction. Additional diffusion restriction in the genu of the corpus callosum is seen on DWI/ADC map. Not shown are small foci of T2 hypointensity in the frontal region with high signal that may represent foci of hemorrhage. Case 7 shows T2 high signal and loss of gray-white differentiation in the right occipital, temporal, and parietal lobes with some effacement of the occipital horn of the lateral ventricle. Extensive diffusion restriction is seen in the right occipital, temporal, and parietal cortex, and periventricular and subcortical WM is most marked in the frontal region. There is patchy diffusion restriction within the deep gray matter, most marked in the thalamic pulvinar bilaterally. Not shown is a small overlying extra-axial hemorrhage that appears subarachnoid. Case 8 shows extensive T2 (BLADE) high signal surrounding the ventricular poles with patchy cystic change in the frontal regions, and high signal within the thalamic pulvinar bilaterally and throughout the corpus callosum. Corresponding regions show diffusion restriction. Case 9 shows widespread and severe T2 (BLADE) high signal surrounding the ventricular poles with large areas of cystic necrosis and hemorrhage (T1 hyperintensity and shown by guest on September 23, 2017 http://pediatrics.aappublications.org/ Downloaded from with "significant concern" on developmental screening, 2 have been diagnosed with cerebral palsy and all fall below the age-appropriate cutoffs in motor development. This is a striking finding and emphasizes the possible pathogenic overlap we have hypothesized with other causes of perinatal WM disease. Short-term outcomes, however, may be falsely reassuring. We would note that in cases of reportedly normal outcomes despite abnormal neuroimaging in the literature, follow-up has been short 4,26 when children are still young. Additionally, diffusion restriction on MRI has been shown to be an independent risk factor for adverse outcomes of childhood encephalitis generally. 53, 54 Furthermore, neurologic deficits (especially subtle deficits) will manifest variably during this dynamic period of neurodevelopment in early childhood. There is a need for longer-term follow-up of the broad spectrum of HPeV CNS disease, stratified by genotype where it is known, to definitively determine the connection between HPeV CNS infection and long-term neurologic outcome. Until these studies are complete, given the MRI changes in the absence of CSF pleocytosis, and poor outcomes of some children, we suggest that a precautionary approach be taken in young children hospitalized with parechovirus infection. This includes a low threshold for HPeV PCR testing of CSF in febrile, irritable infants despite normal microscopy; applying the presumptive diagnosis "meningoencephalitis" where HPeV RNA is found; performing optimal CNS imaging with MRI (where available); and providing neurodevelopmental follow-up until, at least, school entry to detect sequelae and facilitate early intervention where required.
An additional possible genetic predisposition to HPeV encephalitis is suggested by the presence of monochorionic twin girls in this series. Single gene defects have been associated with susceptibility to some causes of infectious encephalitis/encephalopathy in children. 55, 56 There is a need to apply next-generation sequencing to identify genetic determinants of severe disease in well-described cohorts of children with CNS infection. This will provide new insights into disease pathogenesis.
There are currently no antiviral agents that can be used in HPeV treatment. Pleconaril, an agent broadly active against other picornaviruses with extremely limited availability, has minimal in vitro activity against HPeV. 57 Intravenous immunoglobulin is used widely in the treatment of enterovirus 71 neurologic disease without definitive evidence. 58 It also has been used without definitive evidence of effect in neonatal enteroviral encephalitis and myocarditis. Intravenous immunoglobulin may be of limited value for HPeV, depending on the prevalence of HPeV seropositivity in donor communities. 57 The role of corticosteroids remains unknown, although we note their use in this series of patients (4 of 9), albeit in 2 patients for hemodynamic support. Extended courses of antibiotics were given empirically to many of the infants presented in this series. This was influenced in some children by a delay in ordering specific HPeV testing and the time taken to receive results because testing was performed at referral laboratories. A greater awareness of HPeV disease in infants and greater availability of testing would likely result in earlier discontinuation of antibiotics. 25 The lack of CSF pleocytosis in severe parechovirus CNS infection highlights the need for additional CSF markers of CNS inflammation in young children. Neopterin has been shown to be a useful marker of immune activation in CNS inflammatory and infectious conditions. 59 CSF neopterin was performed in only 1 child in our series (case 2) and was elevated (72 nmol/L; normal <30 nmol/L). Brownell et al 26 published a case of HPeV3 encephalitis in an 8-day-old boy with elevated CSF neopterin without other markers of CSF inflammation. Translation of neopterin as a biomarker of CNS inflammation into clinical settings is a priority, although the need for testing on fresh samples remains a diagnostic barrier.
The very young age of these children suggests acquisition of infection from a household contact; however, in only 2 of 13 cases was a sick household contact identified. Importantly, recent data from Japan have shown the potential role of asymptomatic household contacts, including siblings, as sources of infection. 60 An emphasis on hand hygiene in the home, especially during epidemics, is an important measure to prevent transmission of infection to young infants.
A challenge in studying childhood encephalitis is defining the specific features of encephalopathy in very young children. Irritability and poor feeding are frequently reported symptoms in HPeV, although we have chosen not to consider them as core features of encephalopathy in our study because they are 8 on susceptibility-weighted sequences, not shown) in the frontal and parietal lobes, and high signal within the thalamic pulvinar bilaterally and throughout the corpus callosum. Corresponding regions show diffusion restriction. ADC, apparent diffusion coeffi cient; BLADE, Siemens Healthcare (Australia/ New Zealand Siemens Healthcare Headquarters Siemens Healthcare Pty Ltd, Bayswater, Victoria, Australia) proprietary name for periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER).
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by guest on September 23, 2017 http://pediatrics.aappublications.org/ Downloaded from nonspecific features of illness in young infants. Given the typical lack of CSF pleocytosis and that some of these children (cases 10 and 11) did not have optimal CNS imaging nor were EEGs performed, one cannot aggregate the features of CNS inflammation to apply clinical case definitions of encephalitis. Others have noted this difficulty in defining the spectrum of HPeV CNS infection. 25 The limitations of this series are primarily related to the observational nature of the ACE study and include the lack of HPeV genotyping on all cases and that not all suspected encephalitis cases identified by the ACE study have been tested for HPeV although awareness of this disease was high during the surveillance period; that the neuroimaging approach (MRI sequences, timing) was not standardized; and that we cannot contribute data/specimens to directly inform our understanding of disease pathogenesis.
CONCLUSIONS
We report a well-defined case series of HPeV encephalitis/ encephalopathy, with the key clinical and neuroimaging features, and demonstrated a high proportion of cases with adverse neurodevelopmental outcome. We have identified unresolved questions with regard to pathogenesis and prognosis that are priorities for future research.
